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8 A fully coupled thermo-mechanical finite-element analysis of the friction-stir welding (FSW) process
9 developed in our previous work is combined with the basic physical metallurgy of two wrought aluminum

10 alloys to predict/assess their FSW behaviors. The two alloys selected are AA5083 (a solid-solution
11 strengthened and strain-hardened/stabilized Al-Mg-Mn alloy) and AA2139 (a precipitation hardened
12 quaternary Al-Cu-Mg-Ag alloy). Both of these alloys are currently being used in military-vehicle
13 hull structural and armor systems. In the case of non-age-hardenable AA5083, the dominant microstruc-
14 ture-evolution processes taking place during FSW are extensive plastic deformation and dynamic
15 re-crystallization of highly deformed material subjected to elevated temperatures approaching the melting
16 temperature. In the case of AA2139, in addition to plastic deformation and dynamic recrystallization,
17 precipitates coarsening, over-aging, dissolution, and re-precipitation had to be also considered. Limited
18 data available in the open literature pertaining to the kinetics of the aforementioned microstructure-
19 evolution processes are used to predict variation in the material hardness throughout the various FSW
20 zones of the two alloys. The computed results are found to be in reasonably good agreement with their
21 experimental counterparts.

22

23 Keywords AA2139, AA5083, finite-element analysis, friction-

24 stir welding, hardness prediction
2526

27 1. Introduction

28 Having a more mobile, deployable, and sustainable fleet
29 which will maintain or surpass the current levels of its lethality
30 and survivability has become one of the main recent goals of
31 the U.S. Army. Current battlefield vehicles have reached in
32 excess of 70 tons due to ever increasing lethality of ballistic
33 threats which hinders their ability to be readily transported and
34 sustained. Therefore, a number of research and development
35 programs are under way to engineer light-weight, highly
36 mobile, transportable, and lethal battlefield vehicles with a
37 target weight less than 20 tons. To attain these goals, significant
38 advances are needed in the areas of light-weight structural- and
39 armor-materials development (including aluminum-based
40 structural/armor-grade materials).
41 Aluminum alloy AA5083-H131 has been historically used
42 in military-vehicle systems such as the M1113 and the M109, in
43 accordance with the MIL-DTL-46027J specification (Ref 1).
44 The main reasons for the selection of this alloy are its lighter
45 weight, ease of joining by various welding techniques, a

46relatively high level of performance against fragmentation-
47based threats, and superior corrosion resistance. To respond to
48the advent of more lethal threats, recently designed aluminum-
49armor-based military-vehicle systems, such as the M2 Bradley
50Fighting Vehicle, have relied on the use of higher strength
51aluminum alloys, such as AA2139 (Ref 2), AA7039 (Ref 3),
52AA2219 (Ref 4), and AA2519 (Ref 5). These alloys provide
53increased ballistic protection against armor piercing (AP)
54threats due to their higher strength. In addition, higher tensile
55strength levels offered by these alloys are very desirable for
56vehicle-hull designs as they enable significant reductions in the
57vehicle weight. However, these alloys also show some
58significant shortcomings primarily due to their lower weldabil-
59ity and inferior corrosion resistance in comparison to that
60observed in AA5083-H131.
61In the present work, a series of computational analyses is
62carried out in order to assess and compare welding behavior of
63AA5083-H131 and one of the newer high-strength aluminum
64alloys AA2139. Since these alloys are often welded using
65friction-stir welding (FSW), only the FSW joining behavior of
66these two alloys is investigated in the present work.
67In contrast to the traditional fusion-welding technologies,
68FSW is a solid-state metal-joining process which is generally
69employed in applications in which the original material
70microstructure/properties must remain unchanged as much as
71possible after joining (Ref 6-8). In this process, as shown in
72Fig. 1(a), a rotating tool moves along the contacting surfaces of
73two rigidly butt-clamped plates. As seen in this figure, the tool
74consists of a cylindrical pin which is threaded, at one end, and
75equipped with a shoulder, at the other. Also, during joining, the
76work-piece (i.e., the two clamped plates) is generally placed on
77a rigid backing support. At the same time, the shoulder is forced
78to make a firm contact with the top surface of the work-piece.
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79 As the tool (rotates and) moves along the butting surfaces, heat
80 is being generated at the shoulder/work-piece and, to a lesser
81 extent, at the pin/work-piece contact surfaces, as a result of the
82 frictional-energy dissipation. This, in turn, causes an increase in
83 temperature and gives rise to softening of the material adjacent
84 to these contacting surfaces. As the tool advances along the
85 butting surfaces, thermally softened material in front of the tool
86 is (heavily) deformed, extruded around the tool to the region
87 behind the tool and compacted/forged to form a joint/weld.
88 FSW has become the preferred technique for joining/
89 welding Difficult-to-weld metals like aluminum alloys, since its
90 discovery in 1991 (Ref 6). Currently, shipbuilding, marine,
91 aerospace, railway, and land transportation industries use FSW
92 extensively as a joining process. Relative to the traditional
93 fusion-welding technologies, FSW offers a number of advan-
94 tages such as (a) good mechanical properties in the as-welded
95 condition; (b) improved safety due to the absence of toxic
96 fumes or the spatter of molten material; (c) no consumables
97 such as the filler metal or gas shield are required; (d) ease of
98 process automation; (e) ability to operate in all positions
99 (horizontal, vertical, overhead, orbital, etc.), as there is no weld

100 pool; (f) minimal thickness under/over-matching which reduces
101 the need for expensive post-weld machining; and (g) low
102 environmental impact. However, some disadvantages of the
103 FSW process have also been identified such as (a) an exit hole
104 is left after the tool is withdrawn from the work-piece;
105 (b) relatively large tool press-down and plates-clamping forces
106 are required; (c) lower flexibility of the process with respect to
107 variable thickness and non-linear welds; and (d) often associ-
108 ated with lower welding rates than conventional fusion-welding
109 techniques, although this shortcoming is somewhat lessened
110 since fewer welding passes are required.
111 Various thermo-mechanical processes such as friction-
112 energy dissipation, plastic deformation and the associated heat
113 dissipation, material transport/flow, dynamic recrystallization,
114 local cooling, etc., and their complex interactions play a
115 critical role in the FSW process (Ref 9-19). Metallographic

116examinations of the FSW joints typically reveal the existence of
117the following four zones, Fig. 1(b): (a) an un-effected zone
118which is far enough from the weld so that material micro-
119structure/properties are not altered by the joining process; (b)
120the heat-affected zone (HAZ) in which material microstructure/
121properties are effected only by the thermal effects associated
122with FSW. While this zone is normally found in the case of
123fusion welds, the nature of the microstructural changes may be
124different in the FSW case due to generally lower temperatures
125and a more diffuse heat source; (c) the thermo-mechanically
126affected zone (TMAZ) which is located closer than the HAZ
127zone to the butting surfaces. Consequently both the thermal and
128the mechanical aspects of the FSW affect the material
129microstructure/properties in this zone. Typically, the original
130grains are retained in this zone although they may have
131undergone severe plastic deformation; and (d) the weld nugget
132which is the innermost zone of an FSW joint. As a result of the
133way the material is transported from the regions ahead of the
134tool to the wake regions behind the tool, this zone typically
135contains the so-called ‘‘onion-ring’’ features. The material in
136this region has been subjected to most severe conditions
137of plastic deformation and high temperature exposure and
138consequently contains a very fine dynamically recrystallized
139(equiaxed-grain microstructure).
140The FSW joint quality is typically affected by the following
141welding/process parameters: (a) rotational and transverse veloc-
142ities of the tool; (b) tool-plunge depth; (c) tool tilt-angle; and
143(d) tool-design/material. Since, in general, higher temperatures
144are encountered in the case of higher rotational and lower
145transverse tool velocities, it is critical that a delicate balance
146between these two velocities is attained. Specifically, if the
147temperatures in the weld region are not high enough and the
148material has not been sufficiently softened, the weld zone may
149develop various flaws/defects arising from low ductility of the
150material. Conversely, when the temperatures are too high
151undesirable changes in the material microstructure/properties
152may take place and possibly incipient-melting flaws may be
153created during joining. To ensure that the necessary level of
154shoulder/work-piece contact pressure is attained and that the
155tool fully penetrates the weld, the tool-plunge depth (defined as
156the depth of the lowest point of the shoulder below the surface of
157the welded plate) has to be set correctly. Typically, insufficient
158tool-plunge depths result in low-quality welds (due to inade-
159quate forging of the material at the rear of the tool), while
160excessive tool-plunge depths lead to under-matching of the weld
161thickness compared to the base material thickness. Tool
162rearward tilting by 2-4� has been often found to be beneficial
163since it enhances the effect of the forging process (Ref 18, 19).
164FSW process has been investigated extensively using
165experimental means over the last two decades. The research
166carried out helped gain a better understanding of the FSW
167joining mechanisms and the accompanying evolution of the
168welded-material microstructure/properties (Ref 20-23), as well
169as it helped rationalize the effect of various FSW process
170parameters on the weld quality/integrity (Ref 13, 24-26). It
171should be recognized, however, that the aforementioned
172experimental efforts were able to only correlate the post-
173mortem welded-materials microstructure/properties with the
174FSW process parameters and provided relatively little real-time
175insight into the physics of heat/mass transfer and microstruc-
176ture-evolution processes. As shown in our previous work
177(Ref 27-30), this insight can be gained by carrying out a
178detailed physically based computational investigation of the

Fig. 1 (a) A schematic of the friction stir welding (FSW) process

and (b) the main microstructural zones associated with the typical

FSW joint
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179 FSW process. A detailed review of the prior research efforts
180 dealing with numerical investigations of the FSW process
181 reported in the public domain literature was conducted in our
182 previous work (Ref 27-30). Hence, no overview of the prior
183 computational FSW research efforts will be presented here.
184 The main objective of the present work is to combine the
185 fully coupled thermo-mechanical finite-element analysis of the
186 FSW process, developed in our previous work (Ref 27-30),
187 with the basic physical metallurgy of two wrought aluminum
188 alloys to predict/assess their FSW behaviors. The two alloys
189 selected are AA5083-H131 (a solid-solution strengthened and
190 strain-hardened/stabilized Al-Mg alloy) and AA2139 (a pre-
191 cipitation hardened quaternary Al-Cu-Mg-Ag alloy). Both of
192 these alloys are currently being used in military-vehicle hull
193 structural and armor systems. The operation and interaction
194 of various microstructure-evolution processes taking place
195 during FSW (e.g., extensive plastic deformation, dynamic
196 re-crystallization, precipitates coarsening, over-aging, dissolu-
197 tion, and re-precipitation) will be considered to predict the
198 material microstructure/properties in the various FSW zones of
199 the two alloys.
200 The organization of the article is as follows: The key
201 physical metallurgy aspects of the two alloys (AA5083 and
202 AA2139) are reviewed in Section 2. The fully coupled thermo-
203 mechanical analysis used in the computational investigation of
204 the FSW process is presented in Section 3. Development and
205 parameterization of two hardness models one for AA5083 and
206 the other for AA2139 proposed within the present work and a
207 comparison between the corresponding computed results and
208 their experimental counterparts are discussed in Section 4. The
209 main conclusions resulting from the present study are summa-
210 rized in Section 5.

211 2. Physical Metallurgy of AA2139 and AA5083

212 2.1 AA5083-H131 Alloy: Microstructure and Properties

213 Wrought aluminum alloys (AA) are divided into seven
214 major classes according to their principle alloying elements.
215 The Al-Mg AA5xxx alloys possess high rollability, they are
216 readily available as plates and, due to their high corrosion
217 resistance and relatively high strength and good welding
218 quality, they are often used in various structural and armor
219 applications.
220 While often age-hardened Al-alloys (e.g., AA2139) are
221 friction-stir welded, the microstructure evolution of these alloys
222 during FSW is expected to be substantially more complex due
223 to unstable nature of its precipitates (i.e., precipitates can
224 coarsen, transform into more stable precipitates, or undergo
225 partial or complete dissolution during alloy exposure to high
226 temperature and can reappear on cooling in different mor-
227 phologies and number densities, and even precipitates with dif-
228 ferent crystal structures may appear). The non-age-hardenable
229 AA5083 (nominal chemical composition: 4.5 wt.% Mg,
230 0.25 wt.% Cr, and 0.75 wt.% Mn) is an Mg/Mn solid-solution
231 hardened alloy and, in addition, in its H131 temper state is
232 cold-work hardened and stabilized (to obtain a needed level of
233 aging/over-aging resistance). While Al6Mn precipitates are
234 present in this alloy, due to aforementioned stabilizing heat
235 treatment, they are relatively resistant to both dissolution and
236 coarsening so that precipitate portion of the material micro-
237 structure can be taken as mainly unchanged during FSW.

238It should be also noted that AA5083 is often used in
239aerospace and automotive industries for production of structural
240components with highly complex shapes. In these cases, the
241alloy is processed using super-plastic forming (a high temper-
242ature, low deformation rate, low forming pressure, open/close-
243die forming process). After relatively severe cold-working
244treatment, the alloy is recrystallized. The presence of very fine
245Al6Mn precipitates promotes/stimulates grain nucleation during
246the recrystallization process resulting in an ultra-fine grain
247microstructure. Such microstructure enables plastic deforma-
248tion by grain-boundary sliding and provides super-plastic
249behavior to the material when deformed under low deformation
250rate/high temperature conditions. Since, the material residing in
251the nugget FSW region is normally subjected to very high
252levels of plastid deformation and tends to recrystallize dynam-
253ically, one would expect formation of a very fine-grain
254microstructure in this region.

2552.2 AA2139 Alloy: Age Hardening Behavior

256AA2139 is an age-hardenable quaternary Al-Cu-Mg-Ag
257alloy characterized by a high (4-10) Cu/Mg ratio whose
258chemical composition places it into the a (an Al-based solid
259solution), +S (an Al-Cu-Mg-based precipitate) and +h (a Cu2Al-
260based precipitate) equilibrium phase region. Ag additions are
261found to promote formation of metastable X precipitates during
262artificial aging over other competing precipitates such as S¢ and
263h¢ (Ref 31). Since X precipitates tend to form on {111)a planes
264(the slip planes in the Al-based alloys) they tent to impart the
265highest levels of strength to these alloys (Ref 32-36).
266It is well established that during aging of Al-Cu-Mg-Ag
267alloys the following sequence of formation of metastable and
268stable precipitates is followed (Ref 31, 37):

GP-zones ! h00 ! h0 þ X ! h0 þ S0 ! S þ h

270270where GP-zones stands for the Guinier-Preston zones, i.e., the
271clusters of Cu atoms on {100)a planes which form in the ear-
272liest stages of aging of the supersaturated a-solid solution. It
273is also well established that high Cu/Mg ratios in these alloys
274tend to enhance relative stability of the X-phase with respect
275to that of the competing S¢ phase (Ref 31, 37). This finding
276is highly critical since, the best overall combination of
277mechanical properties in AA2139 is associated with the pres-
278ence of X-phase precipitates.
279Detailed microstructural investigations of the X-phase
280precipitates in AA2139 and related alloys over the last 10 years
281have established the following defining features of this
282microstructural constituent:

283(a) X-phase precipitates form coherently within the a-solid
284solution with (111)a planes acting as the habit planes;
285(b) The crystal structure of this phase has been determined
286as being an Al2Cu-base orthorhombic structure (Ref 33,
28735, 38);
288(c) The X phase tends to precipitate mainly in a homoge-
289neous manner throughout the grain interior and predomi-
290nantly in dislocation-free regions;
291(d) Maximum temperature at which X phase can still exist
292is about 250 �C (Ref 39); and
293(e) X-phase precipitates are most often present in hexagonal
294plate-like form with a typical thickness and in-plane
295dimensions of 2-3 nm and 100-200 nm, respectively
296(Ref 31-35, 38-40).
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297 In addition to X-phase precipitates, the AA2139 alloy, in the
298 peak age-hardened temper condition, also contains h¢-phase
299 precipitates. Detailed examination of this type of precipitates
300 over the last 10 years established the following (Ref 41, 42):

301 (a) These precipitates mainly form on (100)a habit planes
302 (Ref 34, 43);
303 (b) The h¢-phase precipitates are most often of octagonal-
304 platelet or ellipsoidal shapes and their size is comparable
305 to that of the X-phase precipitates (Ref 43, 44);
306 (c) The h¢ phase possesses a body-centered tetragonal crys-
307 tal structure; and
308 (d) Since S¢ precipitates are semi-coherent with the a-matrix,
309 they tend to preferentially form on dislocations and
310 low-angle grain boundaries (Ref 33, 45).

311 While X-phase and h¢-phase precipitates can normally
312 co-exist in the AA2139-type of alloys, replacement of the
313 X-phase precipitates with S¢-phase precipitates (after prolonged
314 aging) is of major concern. That is, as S¢-phase precipitates
315 form and gradually evolve into S-phase precipitates, they
316 tend to take away Mg-Ag co-clustering surrounding X-phase
317 precipitates leading to gradual dissolution of the X-phase pre-
318 cipitates (Ref 37). Numerous investigations of the S¢-phase
319 precipitates in AA2139 and related alloys revealed the follow-
320 ing defining features of this microstructural constituent:

321 (a) The S¢-phase precipitates tend to form both heteroge-
322 neously on dislocations and homogeneously throughout
323 the grain interior (Ref 35);
324 (b) They generally appear as laths and are sometimes asso-
325 ciated with (120)a habit planes (Ref 33); and
326 (c) The average S¢-phase precipitate size is generally com-
327 parable to that of the X-phase and h¢-phase precipitates
328 (Ref 35).

329 In addition to the metastable and stable precipitates
330 mentioned above whose formation is driven by the thermo-
331 dynamic driving forces to reduce the extent of super saturation
332 from the as-quenched a-phase solid solution, fine-scale Mn- or
333 Zr-rich dispersoids are also present in AA2139 type alloys.
334 These dispersoids are result of relatively low solubility of
335 Mn and Zr in Al and tend to form (and, hence, to survive) at
336 substantially higher temperatures than the aforementioned
337 precipitates. Typically the so-called T-phase dispersoids are
338 found in AA2139. The main defining features of this phase
339 are:

340 (a) Its stoichiometric formula is Al20Mg2Mn3 (Ref 33);
341 (b) The T phase possesses an orthorhombic crystal structure
342 (Ref 35);
343 (c) It is mainly present in a rod form with the rod length
344 between 50 and 500 nm (Ref 31);
345 (d) While finer T-phase dispersoids generally lead to higher
346 static strength levels in the AA2139-type alloys, coarser
347 T-phase dispersoids tend to improve strain-localization
348 resistance and, thus, improve dynamic strength of the
349 material (Ref 31); and
350 (e) While both Zr and Mn tend to promote formation of the
351 T-phase dispersoids, Mn generally yields coarser disper-
352 soids and is, hence, a preferred alloying element from
353 the standpoint of achieving improved dynamic strength
354 in AA2139.

3553. Computational Analysis of the FSW Process

356As mentioned earlier, modeling of the FSW process carried
357out in the present work employed the fully coupled thermo-
358mechanical finite-element procedure developed in our prior
359work (Ref 27-30). Since a detailed account of the procedure
360was provided in Ref 27-30, only a brief overview of it will be
361presented in the remainder of this section.

3623.1 Computational Domain

363The computational domain used consists of a (40.0-mm
364radius, 3.0-mm thickness) circular plate (with a concentric
365through-the-thickness 3.0-mm radius circular hole) and a
366two-part tool (consisting of a 3.0-mm radius, 3.0-mm length
367solid right circular cylinder, at the bottom, and a 9.0-mm
368radius, 3.0-mm thickness circular-plate section, on the top),
369Fig. 2(a, b). The computational domain is meshed using
370�20,000 first-order eight-node reduced-integration hexahedral
371thermo-mechanically coupled solid elements (the meshed
372model is not shown for brevity).

3733.2 Computational Algorithm

374The FSW process is analyzed computationally using a fully
375coupled thermo-mechanical finite-element algorithm within
376which heat dissipation associated with plastic deformation and
377tool/work-piece interfacial friction-sliding is treated as a source
378in the governing thermal equation while the effect of temper-
379ature on the mechanical response of the work-piece material is
380taken into account through the use of a temperature-dependent
381work-piece material model.
382The analysis is carried out by prescribing from the onset a
383constant rotational velocity and a constant downward pressure
384to the tool. Instead of assigning a travel velocity to the tool
385along the (postulated) butting surfaces of the work-piece, the
386work-piece material is forced to move through the work-piece
387computational domain at the same velocity but in the opposite

Fig. 2 Geometrical models with dimensions for the (a) FSW tool

and (b) FSW work-piece
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388 direction. Thus, Fig. 2(b) represents not the entire work-piece
389 but rather a circular region around the tool in the otherwise
390 infinitely long/wide work-piece. During the FSW process
391 simulation, the material is prevented from flowing through
392 the bottom face of the work-piece computational domain (to
393 mimic the effect of rigid work-piece backing plate), standard
394 convective boundary conditions are applied over free surfaces
395 of the work-piece and the tool while enhanced convection
396 boundary conditions are applied over the bottom face of the
397 work-piece (to mimic the effect of enhanced heat extraction
398 through the work-piece backing plate).
399 Work-piece/tool interactions are accounted for through the
400 use of a penalty algorithm within which the extent of contact
401 pressure is governed by the local surface penetrations while
402 shear stresses are transferred via a ‘‘slip/stick’’ algorithm, that is
403 shear stresses lower than the frictional shear stress are
404 transferred without interface sliding (otherwise interface sliding
405 takes place). The frictional shear stress is defined by a modified
406 Coulomb law within which there is an upper limit to this
407 quantity (set equal to the shear strength of the work-piece
408 material). The frictional shear stress is then defined as a smaller
409 of the product between the static/kinetic friction coefficient and
410 the contact pressure, on one hand, and the work-piece material
411 shear strength, on the other.
412 As mentioned earlier, both plastic deformation and frictional
413 sliding are treated as heat sources. To account for the fact that a
414 small fraction of the plastic-deformation work is stored in the
415 form of crystal defects, 95% of this work was assumed to be
416 dissipated in the form of heat. As far as heat generation due to
417 frictional sliding is concerned, it is assumed that its rate scale
418 with the product of local interfacial shear stress and the sliding
419 rate, and that 100% of this energy is dissipated in the form of
420 heat. Partitioning of this heat between the tool and the work-
421 piece is then computed using the appropriate thermal properties
422 of the two materials.
423 As established earlier, work-piece material in the nugget and
424 TMAZ regions experience large plastic deformations during
425 FSW under these circumstances, the use of a Lagrangian
426 approach in which the finite-element mesh is attached to and
427 moves with the material may display serious numerical
428 problems (due to excessive mesh distortion). To overcome this
429 approach, an Arbitrary Lagrangian-Eulerian (ALE) formulation
430 is used within which adaptive re-meshing is carried out to
431 maintain good quality mesh.
432 The fully coupled thermo-mechanical problem dealing with
433 FSW is solved using an explicit solution algorithm implemented
434 in ABAQUS/Explicit (Ref 46), a general purpose finite element
435 solver. To keep the computational cost reasonable while
436 ensuring stability and robustness of the computational proce-
437 dure, a mass scaling algorithm is used. This algorithm adaptively
438 adjusts material density in the critical finite elements without
439 significantly affecting accuracy of the computational results.

440 3.3 Material Models

441 Since the tool normally experiences relatively lower defor-
442 mation during FSW, it is modeled using a rigid material. Its
443 density and thermal properties are next set to that of AISI-H13,
444 a hot-worked tool steel, frequently used as the FSW-tool
445 material.
446 The work-piece material is assumed to be isotropic, linear-
447 elastic and strain-hardenable, strain-rate sensitive, thermally
448 softenable plastic material and is modeled using Johnson-Cook

449material model (Ref 47). Standard density and thermal
450properties for AA5083 and AA2139 alloys are used to define
451the thermal-portion of the material model.
452While in the original Johnson-Cook material model tem-
453perature is assumed to affect the material strength through its
454effect on thermal activation of dislocation motion, nugget zone
455material exposure to high temperature during FSW is found to
456result in dynamic recrystallization since this phenomenon is
457not accounted for the original Johnson-Cook model, a
458modified version of this model was proposed in our prior
459work (Ref 27-30). Essentially, strain hardening is still assumed
460to be related to the effective plastic strain, �epl; via a parabolic
461relation, B�enpl; where B and n are material parameters. How-
462ever, �epl is taken to be composed of two terms: one (positive)
463associated with the operation of plastic deformation and the
464other (negative) resulting from the operation of dynamic
465recrystallization.

4663.4 Typical Results

467In this section, a few typical FSW process simulation results
468are presented and briefly discussed.
4693.4.1 Equivalent Plastic Strain Field. An example
470of the typical results pertaining to spatial distribution and
471temporal evolution of the equivalent plastic strain in the work-
472piece during FSW is displayed in Fig. 3(a, b). Simple exami-
473nation of the results displayed in these figures and of the results
474obtained in the present work (but not shown for brevity) reveals
475that:

476(a) Typically, plastic strains in a 20 and 50% range are
477observed with the strain magnitude being controlled by
478FSW process conditions such as tool contact pressure,
479tool rotational, and translational speeds;
480(b) The highest equivalent plastic strains are always found
481in the work-piece material right below the tool shoulder
482and equivalent plastic strains progressively decreased
483from this region as a function of the distance in the
484radial and through-the-thickness directions;
485(c) Distribution of the equivalent plastic strains is highly
486asymmetric. This asymmetry is related to the differences
487in the material transport (at the advancing and the
488retreating sides of the weld) from the region ahead of
489the tool to the region behind the tool; and
490(d) Typically, equivalent plastic strain differences between
491the top and bottom surfaces of the work-piece are
492reduced while equivalent plastic strain magnitudes are
493increased as the tool translational speed is decreased and
494the tool/work-piece contact pressure is increased. This
495finding suggests that under these FSW process condi-
496tions the extent of material stirring/mixing (which plays
497a critical role in weld quality/joint strength) is increased.

4983.4.2 Nodal Velocity Field. The distribution of nodal
499velocities at the outer surfaces of the work-piece at two
500different times (0.0 and 0.5 s) is displayed in Fig. 3(c, d). For
501clarity, the tool is not shown. These figures clearly show that
502the initially assigned unidirectional velocity field in the
503direction of welding, quickly transforms into the velocity field
504in which there is a well-defined stir region right below the
505shoulder (within which the material circles around the pin) and
506the remainder of the field (within which the material tends to
507flow around the stir region). A comparison of the results
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508 displayed in Fig. 3(c, d) clearly shows how the region
509 underneath the tool shoulder which is initially unfilled becomes
510 filled as FSW proceeds. Once the space under the shoulder is
511 fully filled it remains filled as the FSW process continues. The
512 material in this region is constantly being refreshed as the tool
513 advances in the welding direction.
514 3.4.3 Material/Tracer-Particle Trajectories. It should
515 be noted that the results displayed in Fig. 3(c, d) shows the
516 spatial distribution and temporal evolution of the nodal
517 velocities. Due to the ALE character of the finite-element
518 analysis used in the present work, the motion of the finite-
519 element mesh is not completely tied to the motion of the
520 material. Consequently, the results displayed in Fig. 3(c, d)
521 shows the velocities of the material particles which at that
522 moment pass through the nodal points in question. However,
523 one must recognize that at different times different material
524 particles are associated with the same nodes. In order to observe
525 stirring of the material under the tool shoulder, one should
526 monitor particle trajectories rather than nodal velocities. This is
527 possible within ABAQUS/Explicit through the use of so-called
528 ‘‘tracer particles’’ which are attached to the material points (and
529 not to the mesh nodal points).
530 Figure 3(e, f) shows typical results pertaining to the
531 trajectory of retreating-side and advancing-side tracer particles,
532 respectively. The tracer particles displayed in these figures are
533 initially located in a plane, which is halfway between the top
534 and bottom surfaces of the work-piece. For improved clarity,
535 tracer-particle trajectories are color coded. The results displayed
536 in Fig. 3(e, f) clearly revealed the following basic aspects of the
537 FSW process:

538 (a) At the retreating side, work-piece material particles
539 (as represented by the yellow and green tracer-particle

540trajectories, Fig. 3e), typically do not enter the stir zone
541under the tool shoulder and usually only flow around it;
542(b) At the advancing side, work-piece material particles
543which are initially closer to the butting surfaces (as rep-
544resented by the white and cyan tracer-particle trajecto-
545ries, Fig. 3f), tend to passes over to the retreating side
546and get co-stirred with some of the retreating-side mate-
547rial particles to form the welded joint; and
548(c) At the advancing side, work-piece material particles fur-
549ther away from the initial butting surfaces remain on the
550advancing side and either enter the stir region on the
551advancing side or flow around it.

5524. Material Microstructure/Hardness Evolution

5534.1 Qualitative Analysis of Hardening Mechanisms
554Within the FSW Joint

5554.1.1 AA5083. Based on the discussion regarding the
556microstructure/property relations in AA5083 presented earlier
557in Section 2.1, the following strengthening mechanisms are
558expected to be present in this alloy: (a) solid-solution strength-
559ening; (b) strain hardening; and (c) grain-size refinement.
560Relative importance of these mechanisms within the four weld-
561zones (e.g., the weld nugget, the TMAZ, the HAZ, and the base
562material) is discussed in the remainder of this section.

563Solid-Solution Strengthening. This hardening mechanism is
564present in all four weld-zones and its contribution to the
565material hardness is expected to be fairly uniform across the
566entire weld region.

Fig. 3 Typical FSW computational-analysis results pertaining to the steady-state distribution of (a, b) equivalent plastic strain, (c, d) nodal

velocities, and (e, f) retreating-side and advancing-side tracer-particle trajectories
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567 Strain Hardening. When AA5083 is in a H131 temper
568 condition, strain-hardening mechanism provides a contribution
569 to the material hardness in the base-metal zone which is larger
570 than the contributions of the other two mechanisms. In the
571 HAZ, some annealing will take place. However, since this
572 annealing is primarily due to recovery or polygonization, the
573 contribution of strain hardening to the material hardness in this
574 region will remain quite comparable to that in the base-metal
575 region. The contribution of strain hardening to the overall
576 material hardness in the TMAZ is expected to increase since the
577 material in this region typically experiences significant levels of
578 plastic deformation. In the weld nugget region, material
579 microstructure and properties are dominated by dynamic
580 recrystallization and, hence, the contribution of strain hardening
581 to the overall material hardness in this region is minimal.

582 Grain-Size Refinement. Since, to a first-order approximation,
583 the average grain size does not change between the base-metal
584 zone, the HAZ, and the TMAZ, the contribution of this
585 strengthening mechanism to the overall material strength is
586 expected to be comparable in these three weld-zones. On the
587 other hand, dynamic recrystallization yields a very fine-grain
588 structure within the nugget zone so that the overall contribution
589 of the grain-refinement mechanism to the material hardness is
590 expected to be largest in this weld zone.
591 4.1.2 AA2139. Based on the discussion regarding the
592 microstructure/property relations in AA2139 presented earlier
593 in Section 2.2, the following strengthening mechanisms are
594 expected to be present in this alloy: (a) precipitation hardening;
595 (b) strain hardening; and (c) grain-size refinement. Relative
596 importance of the strain hardening and the grain-size refinement
597 mechanisms within the four weld-zones was discussed earlier in
598 the context of AA5083. The main points made at that time are
599 equally valid in the case of AA2139. As far as the role of the
600 precipitation hardening mechanism in AA2139 is concerned, the
601 following main observations can be made. When AA2139 T8
602 (quenched + cold worked + artificially aged) temper condition,
603 precipitation hardening provides a contribution to the material
604 hardness in the base-metal zone which is larger than the
605 contributions of the other two mechanisms. In general, material
606 exposure to high temperatures within the remaining three main
607 weld-zones causes over-aging and the associated loss in material
608 strength. This loss increases in its extent as one approaches the
609 original weld line, i.e., as one moves through the HAZ, then
610 through the TMAZ and ultimately through the weld nugget.

611 4.2 Simple Models and Parameterization for Hardening
612 Mechanisms Within the FSW Joint

613 4.2.1 AA5083. The following simple model for the
614 hardness of AA5083, H, is proposed in the present work:

H ¼ HCðCÞ þ
Hd

d1=2
þ He�e

n; ðEq 1Þ

616616 where the three terms on the right-hand side of Eq (1) repre-
617 sents, respectively, the contributions of solid-solution
618 strengthening, grain-size refinement, and strain hardening to
619 material hardness, C is the alloying elements content, d is the
620 average grain size, and �e is the equivalent plastic strain while
621 HC, Hd, He, and n are the hardness-model parameters.
622 In accordance with the previous discussion, solid-solution
623 hardness parameter HC is considered as constant throughout all
624 four zones of the weld. Using the hardness data for fully

625annealed coarse grained AA5083 (Ref 48) (in which the
626contributions of grain-size refinement and strain hardening are
627minimal) HC is assessed as 410 MPa.
628The grain-refinement hardening term in Eq (1) is written in
629accordance with the Hall-Petch relation (Ref 49). Using the
630results regarding grain-size dependence of hardness in fully
631annealed AA5083 (Ref 50), Hd is evaluated as 340 MPa.
632The last term on the right-hand side of Eq (1) is modeled as
633a parabolic strain-hardening law (Ref 47). A linear regression
634analysis of the strain-hardening data reported in Ref 51, yielded
635Hd = 620 MPa and n = 0.23.
6364.2.2 AA2139. To account for the precipitation-hardening
637effects in AA2139, hardness in this alloy is modeled as:

H ¼ ½HO þ DHPAð1� gÞ� þ
Hd

d1=2
þ He�e

n; ðEq 2Þ

639639where the first term on the right-hand side of Eq (2) repre-
640sents the contribution of precipitation hardening, HO and
641DHPA are hardness levels in the over-aged condition and
642hardness increment at the peak-aged condition, respectively,
643and g is the extent of over-aging. Using the available data
644for hardness variation during aging heat treatments (Ref 52),
645HO and DHPA are assessed as 420 and 790 MPa, respectively.
646Due to a lack of available data in the open literature
647pertaining to the effect of grain-size refinement and strain
648hardening on the hardness in AA2139, the hardness-model
649parameters for these two strengthening mechanisms are set
650equal to their AA5083 counterparts reported above. Further-
651more, the contribution of solid-solution strengthening to the
652hardness of AA2139 is neglected since it is expected to be
653small in comparison to the contributions associated with the
654other three strengthening mechanisms.

6554.3 Material State-Variable Evolution Equations

656In the previous section, the two hardness models (one for
657AA5083 and the other AA2139) were parameterized. Within
658these models, the state of the material microstructure was
659represented by three state variables: (a) the degree of over-
660aging, g (applicable only in case of AA2139); (b) the average
661grain size, d; and (c) the equivalent plastic strain, �e: To apply
662Eq (1), (2), i.e., to compute material hardness at different
663locations within the weld, one must compute the final values of
664these three state variables. This is done for each material point
665by integrating, over the entire thermo-mechanical history, the
666appropriate evolution equations (provided below) for the three
667state variables starting from their initial values (in the base
668metal before welding).
6694.3.1 Degree of Over-Aging. Starting with a simple
670inverse exponential law for the temporal evolution of the
671extent of over-aging under isothermal conditions, g ¼ e�t=s0 ;
672where t is time and s0 is a temperature-dependent relaxation
673time. Carrying out the appropriate chain-rule differentiation and
674simplification, the following evolution equation for the degree
675of over-aging is proposed:

dg

dt
¼ e

�C1g

1�g
C2

1� Tm
H

0 � g � 1:0; ðEq 3Þ

677677where 0 � TH � 1:0 is a room/melting temperature-based
678homologous temperature, TH ¼ ðT � TRoomÞ=ðTMelt � TRoomÞ
679and C1, C2, and m are material parameters. Using available
680aging kinetics data at different temperatures (Ref 2) C1, C2,
681and m are assessed as 0.8, 0.00035, and 9.6, respectively.
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682 It should be noted that within the present model for material
683 over-aging, this phenomenon is assumed to be solely controlled
684 by material exposure to high temperatures while the potential
685 effect of plastic deformation on the over-aging kinetics is
686 treated as a second-order effect and, hence, ignored.
687 4.3.2 Grain-Size Evolution Function. Grain-size evolu-
688 tion is assumed to be controlled by collective contributions of
689 plastic-deformation and dynamic-recrystallization processes.
690 Plastic deformation does not per se alter the grain size but
691 creates dislocations which rearrange themselves into low-angle
692 grain boundaries to form sub-grains. As new dislocations are
693 generated and incorporated into the sub-grain boundaries, mis-
694 orientation between the sub-grains increases. At some point, the
695 degree of mis-orientation becomes large enough to convert a
696 sub-grain into a grain (with large-angle grain boundaries) which
697 then begins to consume the surrounding sub-grains until it
698 encounters another ‘‘recrystallized’’ grain. The rate of disloca-
699 tion incorporation into the sub-grain boundaries and the rate of
700 growth of ‘‘recrystallized’’ grains are thermally activated, i.e.,
701 they depend on temperature via an Arrhenius-type relation.
702 Taking all this into account, and following a procedure similar
703 to that employed in the case of over-aging, the following grain-
704 size evolution law is proposed here:

dd

dt
¼ ð1� e�C3dÞ

C4e
p

1� T
q
H

; ðEq 4Þ

706706 where d is the average grain size and C3, C4, p, and q are
707 material parameters. Using available recrystallization kinet-
708 ics data at different temperatures (Ref 53) C3, C4, p, and
709 q are assessed as 0.00051/lm, 0.24 lm/s, 0.71 and 0.97,
710 respectively.
711 4.3.3 Equivalent Plastic Strain Evolution Function.

712 The equivalent plastic strain used in the present work is
713 identical to the one developed in our recent work (Ref 27-30).
714 Since a detail account of the derivation procedure for this
715 equation can be found in Ref 27-30, only a brief overview of
716 this procedure will be provided in the remainder of this section.
717 In the absence of dynamic-recrystallization effects, evolu-
718 tion of the equivalent plastic strain is determined by simulta-
719 neously satisfying the Hooke�s law, yield criterion and flow rule
720 relations, at each material point during each time increment
721 (Ref 27-30). In this way, only the effect of strain hardening due
722 to an increase in the dislocation density and the resulting
723 increase in the dislocation-motion resistance imposed by the
724 surrounding dislocations on the material hardness/strength is
725 taken into account. To include the effects of dynamic recrys-
726 tallization when dynamic recrystallization accompanies plastic
727 deformation, the equivalent plastic strain evolution equation
728 has to be modified to include the associated annealing effects.
729 In other words, an additional (negative) equivalent plastic
730 strain-rate term has to be used to account for the dynamic-
731 recrystallization effects. This additional term is based on the
732 following physics-based arguments:

733 (a) Dynamic recrystallization is a thermally activated process
734 and consequently the correction term in the equivalent
735 plastic strain evolution equation must contain a Boltz-
736 mann probability term in the form exp(�Q/RT), where
737 Q is an activation energy while R is the universal gas
738 constant. In other words, the dynamic-recrystallization
739 correction term in the equivalent plastic strain evolution
740 equation should be an Arrhenius-type function;

741(b) Since the rate of recrystallization across various alloy sys-
742tems appear to scale with the previously defined homolo-
743gous temperature, Th, this term was replaced with Q/RT
744term in the Boltzmann probability relation with q/Th,
745where q is a dimensionless activation energy; and
746(c) Due to the fact that the rate at which material tends to
747recrystallize increases as the amount of cold work is
748increased, q was set to be a decreasing function of the
749equivalent plastic strain �e:

750Based on these arguments, the dynamic-recrystallization
751contribution to the evolution of the equivalent plastic strain was
752expressed as:

_�epl;dyn rec ¼ _�eo;pl;dyn rece
�qð�eplÞ=Thð Þ; ðEq 5Þ

754754where _�eo;pl;dyn rec is a dynamic-recrystallization frequency/pre-
755exponential term. An analysis of the available experimental
756data pertaining to the kinetics of recrystallization of AA5083
757(Ref 27-30) showed that q scales inversely with �epl raised to a
758power of 2.9. Based on this finding and using the curve-fitting
759results for the experimental recrystallization kinetics data
760reported in Ref 53, it is found that Eq (5) can be rewritten as:

_�epl;dyn rec ¼ 21:5e�1=ð�e2:9
pl
ThÞ ðEq 6Þ

762762

7634.4 Computational Results and Comparison
764with the Experimental Counterparts

765The models for the evolution of material hardness (as well
766as that for the evolution of the material average grain size) are
767used in conjunction with the FSW process analysis results
768(provides the required thermo-mechanical history input, i.e., the
769temporal variation of temperature and equivalent plastic strain
770of the material points within the weld) to compute variations in
771the material hardness and grain size across the four weld-zones.
772These results are next compared with their experimental
773counterparts in order to help validate the models developed in
774the present work.
7754.4.1 AA5083. Variation of the material hardness mea-
776sured transversely across the friction-stir weld over the top
777surface of the work-piece consisting of AA5083-H131 plates
778on both sides of the joint is displayed in Fig. 4(a, b). The results
779displayed in these two figures correspond to two different
780welding tool traverse speeds: (a) Fig. 4(a) 100 mm/min and
781(b) Fig. 4(b), 150 mm/min, while the tool rotation speed,
782shoulder diameter, and threaded pin diameter are kept constant
783at 350 rpm, 18 mm, and 5 mm, respectively.
784For comparison, the corresponding experimental results
785obtained in Ref 54 are also displayed in Fig. 4(a, b). Since the
786original hardness results reported in Ref 54 were given using
787Vicker�s hardness units, they were converted using the known
788indentation loads and indentor geometry data to the SI stress
789units before including in these figures.
790Simple examination of the results displayed in Fig. 4(a, b)
791shows that:

792(a) The present hardness model yields a physically realistic
793variation in material hardness across the FSW joints,
794i.e., the computed hardness profiles clearly delineate the
795four different weld-zones.
796(b) As far as the quantitative agreement between the present
797computed results and their counterparts from Ref 54
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798 is concerned, it can be characterized as being good to fair.
799 There may be many reasons for the observed discrep-
800 ancy: (i) the functional relations used to describe the con-
801 tribution of various mechanisms to material hardness can
802 be further improved; (ii) available experimental data used
803 for model parameterization were relatively scarce and
804 came from different sources; and (iii) potential inaccura-
805 cies associated with hardness measurements in Ref 54.

806 In Fig. 5, a comparison is made between the grain size
807 results obtained in the present computational analysis and their
808 experimental counterparts obtained in Ref 55. Considering the
809 fact that not all the FSW process parameters were specified in
810 Ref 55, one should be encouraged by the level of agreement
811 observed in Fig. 5 between the computed and the experimen-
812 tally measured results.

8134.4.2 AA2139. A comparison of the computed results
814(pertaining to the hardness variation in a direction transverse to
815the original weld line) and their experimental counterparts
816obtained in Ref 56 in the case of two friction-stir-welded
817AA2139 plates is displayed in Fig. 6(a, c). The results
818displayed in Fig. 6(a, c) correspond, respectively, to the
819hardness measurements over the top surface of the work-piece,
820intermediate surface of the work-piece and over the bottom
821surface. In all three cases the same FSW process parameters
822(welding speed: 100 mm/min; tool rotational speed: 350 rpm;
823shoulder diameter: 18 mm; pin diameter: 5 mm) were used.
824Simple examination of the results displayed in Fig. 6(a-c)
825shows that as in the case of AA5083, the present hardness
826model provides physically realistic hardness profiles in a
827direction transversely oriented with respect to the weld (at
828different locations through the thickness of the work-piece) and
829that the computational/experimental agreement is good to fair.
830A comparison of the computed variation in the average grain
831size across the FSW joint and its experimental counterpart
832obtained in Ref 57 is displayed in Fig. 7. These results pertain
833to the top surface of the work-piece. Simple examination of the
834results displayed in Fig. 7 shows that the computation/exper-
835iment agreement is comparable to that obtained in the case of
836AA5083 (i.e., the agreement is acceptable).

8375. Summary and Conclusions

838Based on the work presented and discussed in the present
839work, the following main summary remarks and conclusions
840can be made:

8411. A brief overview is provided of the key physical
842metallurgy aspects of AA5083 (a solid-solution strength-
843ened and strain-hardened/stabilized Al-Mg-Mn alloy)
844and AA2139 (a precipitation hardened quaternary Al-Cu-
845Mg-Ag alloy).

Fig. 4 A comparison between the computed and the experimental

hardness (transverse) profiles over the top surface of the 5083 work-

piece. Please see the text for details regarding the friction stir weld

parameters associated with the results displayed in (a) and (b). Data

pertaining to the advancing side of the weld joint are on the right-

hand side of the plot

Fig. 5 A comparison between the computed and the experimental

grain-size profiles over the top surface of the 5083 work-piece. Data

pertaining to the advancing side of the weld joint are on the right-

hand side of the plot
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8462. Simple mathematical models are developed and parame-
847terized for the hardness evolution within various friction-
848stir-welded zones (e.g., the weld nugget, the TMAZ, and
849the HAZ) for the two alloys in question.
8503. Integration of the hardness and grain-size evolution equa-
851tions over the thermo-mechanical history of various mate-
852rial points within the weld yielded a hardness/grain-size
853profile (one for each alloy) in a direction transverse to
854the weld line. The thermo-mechanical history information
855was obtained by carrying out a fully coupled thermo-
856mechanical finite-element analysis of the FSW process.
8574. A comparison of the computed hardness and grain-size
858profiles with their experimental counterparts showed that
859the proposed approach can account qualitatively quite
860well for the measured behavior while quantitative agree-
861ment between the computed and experimental results is
862only fair.

863Acknowledgment

864The material presented in this article is based on work

865supported by the U.S. Army/Clemson University Cooperative

866Agreements W911NF-04-2-0024 and W911NF-06-2-0042.

Fig. 6 A comparison between the computed and the experimental hardness profiles over a transverse cut through the 2139 work-piece weld:

(a) top surface of the work-piece, (b) a half-way through the thickness section, and (c) the bottom surface of the work-piece. Please see the text for

details regarding the friction stir welding parameters. Data pertaining to the advancing side of the weld joint are on the right-hand side of the plot

Fig. 7 A comparison between the computed and the experimental

grain-size profiles over the top surface of the 2139 work-piece. Data

pertaining to the advancing side of the weld joint are on the right-

hand side of the plot
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